Gowk Fault System in south-east Iran. Both earthquakes were associated with surface faulting showing a combination of reverse and right lateral strike-slip motion on parallel, adjacent faults striking north-south and dipping both east and west. Such motion can be seen to have occurred in the recent past and is responsible for the formation of elongated alluviumfilled depressions in the footwall region common to both the east-and westdipping faults. The earthquake of June 11 involved motion along about 15 km of the Gowk Fault System with a moment of about 1.0 x loz6 dyne cm. The earthquake of July 28 was larger and occurred farther north with movement along at least 65km of the Gowk Fault System and a moment of about 7 x loz6 dynecm. Surface faulting in both earthquakes was complex and spread over several kilometres width on en echelon fault segments as well as on faults dipping both east and west. The long-period WWSSN seismograms of these two mainshocks are unusually complicated and clearly made up of several individual subevents. Sensible interpretation of these waveforms without guidance from the surface faulting and the long-period SRO moment tensor inversion of Dziewonski & Woodhouse would be impossible. However, a combination of these three data sources allows a geologically plausible interpretation of the rupture processes in these earthquakes to be made.
Summary. In 1981 June and July two large earthquakes occurred on the
Gowk Fault System in south-east Iran. Both earthquakes were associated with surface faulting showing a combination of reverse and right lateral strike-slip motion on parallel, adjacent faults striking north-south and dipping both east and west. Such motion can be seen to have occurred in the recent past and is responsible for the formation of elongated alluviumfilled depressions in the footwall region common to both the east-and westdipping faults. The earthquake of June 11 involved motion along about 15 km of the Gowk Fault System with a moment of about 1.0 x loz6 dyne cm. The earthquake of July 28 was larger and occurred farther north with movement along at least 65km of the Gowk Fault System and a moment of about 7 x loz6 dynecm. Surface faulting in both earthquakes was complex and spread over several kilometres width on en echelon fault segments as well as on faults dipping both east and west. The long-period WWSSN seismograms of these two mainshocks are unusually complicated and clearly made up of several individual subevents. Sensible interpretation of these waveforms without guidance from the surface faulting and the long-period SRO moment tensor inversion of Dziewonski & Woodhouse would be impossible. However, a combination of these three data sources allows a geologically plausible interpretation of the rupture processes in these earthquakes to be made.
Although the faulting in both mainshocks was on the same large-scale feature (the Gowk Fault), the rupture zones of the two earthquakes did not, apparently, overlap and were separated by a gap of 5 km along strike in which both coseismic and recent geological displacements are very small. Rupture in both mainshocks appears to have nucleated near this gap and to have propagated away from it. Other such gaps are visible along the irregular displacement of the northern fault break, and may have been the nucleation positions for individual subevents of the July 28 earthquake. Recognition of such nucleation sites is of obvious importance to earthquake prediction efforts.
Introduction
On 1981 June 11 and July 28 two destructive earthquakes of Ms 6.7 and 7.1 (USCS) occurred in the Kerman province of south-east Iran (Fig. 1) . Both earthquakes were associated with surface faulting that closely followed the existing traces of the Gowk Fault; part of a major fault system recognizable on satellite and air photographs and on the ground (Figs 2 and 3) .
Two separate teams from the Tectonics-Seismotectonics section of the Geological Survey of Iran arrived in the area 5 days after the first (Golbaf) earthquake (Nogol et al. 1983 ) and 4 days after the second (Sirch) earthquake (Berberian, Ghorashi and Kadjar, this paper) . Over periods of 12 days for the first shock and 14 days for the second, these teams mapped the fault breaks and associated geological structures. It was obvious from these studies that the surface deformation in the two earthquakes was unusually complicated. The seismic waveforms from these events were also complex and apparently not, at first sight, compatible with the field observations. The available seismological data, which included teleseismic and some local accelerogram records but no data from a local seismograph network, were analysed (Jackson, this paper) and the results combined with the field observations in an attempt to investigate the faulting processes in these earthquakes. Since both field and seismic data are needed to understand the source processes of these events, all the relevant observations are discussed in this paper before any interpretations are made. A summary description of the damage to buildings in the epicentral region is contained in the Appendix.
The Gowk Fault System
The Gowk Fault System, on which the Golbaf-Sirch earthquakes of 1981 June 11 and July 28 occurred, is a major north-south structure in SE Iran and extends for at least 100 km along strike. It is part of the much larger Kuhbqnan-Nayband Fault System (Figs 1, 2 and 3), which borders the western edge of the Dasht-e-Lut desert (Huckriede, Kursten & Venzlaff 1962; Dimitriejevic 1973; Berberian, Asudeh & Arshadi 1979; Ambraseys, Arsovski & Moinfar 1979) . There is abundant evidence of historical seismic activity in this region (see Figs 1 and 4 and Ambraseys & Melville 1982) although, in the absence of unequivocal accounts of surface faulting, confident association of these earlier earthquakes with particular surface faults is difficult. The earthquake of 1977 December 19 at Gisk (Bob-Tangol) was certainly associated with surface faulting on the Kuhbanan fault, the motion being predominantly right lateral with a small reverse component (Berberian et al. 1979; Ambraseys ef al. 1979) . Accounts of the earthquake of 191 1 April 18 east of Ravar ( Fig. 1 ) suggest north-south faulting on the Lakarkuh Fault, though this is not certain (Ambraseys & Melville 1982) .
The Gowk Fault System itself has a NNW trend in the vicinity of the 1981 earthquakes and borders the linear alluvial depressions of Golbaf, Fandogha and Joshan (Figs 1, 2, 3 and 5) . Destructive shocks occurred in the northern part of the Gowk Fault System in 1877 , 1909 , 191 1, 1948 and 1969 (Fig. 1 and Ambraseys & Melville 1982 , though the southern part appears to have been less active during this time. The elongate depressions along the and their relation to the major Quatcrnary and Recent active faults. Thrust faults are marked by triangles and high angle reverse faults by short ticks. Meizoseismal areas for particular large earthquakes are shown by stippled shading. Although macroscismic epicentres are much more accurate than early iiistrunienlal determinations, in the absence of unequivocal reports of surface faulting positive association of individual events with particular surface faults must be very tentative. For references to the historical scismiqity see Berbcrian (1981) and Ambraseys & Melville (1982) . The fault plane solution for the 1977 December 19
Bob-Tango1 (Gisk) earthquake is taken from Berberian et al. ( 1979) .
Gowk Fault System (Fig. 5 ) are up to 3 km wide and bounded by steep reverse faults separating the pre-Neogene rocks of the surrounding hills from the Pliocene continental deposits, Quaternary alluvial-fluvial terraces and mud flats whose geographical extent is restricted to the basins (Valeh 1973) . The depressions are evidently structural in origin and The general NNW trend of the Gowk Fault System is made up of several distinct en echelorz segments containing individual faults that dip steeply (60-90") to both the east and the west (Figs 4 and 5). These segments are separated by areas where major faulting is less obvious at the surface. Thus in detail the Gowk Fault System is not, in fact, continuous, even though it extends perhaps 180 km in length and is clearly recognizable on Landsat imagery and aerial photographs (Figs 2 and 3) . Two areas of hot springs occur on this fault system in the vicinity of the 1981 earthquakes; at Ab-e-Garm, north of Joshan and at Poshteh, north of Chahar Farsakh (Fig. 5) .
In this paper we will refer to the fault system south of Zamanabad (Fig. 5 ) as the Golbaf Fault (System) and that to the north as the Sirch Fault (System); both are part of the Gowk Fault System. Although we are primarily concerned with the surface ruptures of the 1981 earthquake sequence, it is worth noting here that the Gowk Fault system extends a considerable distance south of Golbaf into Sarvestan, and also north of Shahdad, where it merges with the Nayband Fault (Figs 1 dnd 2) . In both Sarvestan and Nayband recent historical seismicity has been low: though both places must be considered as serious seismic risks in the future.
Epicentral observations of the Golbaf earthquake of 1981 June 11
The Golbaf earthquake of 198 1 June 11 ( q 6.1, Ms 6.7; USGS) occurred at 07 : 24 GMT (10: 54 local time) killing between 844 and 1400 people, most of them in the main settlement of Golbaf. All the villages in the Golbaf depression (Fig. 5 ) were heavily damaged. No foreshocks or preceding regional activity was detected by teleseismic networks and the general level of seismicity on the Gowk Fault System had been low since the last moderate shock of 1969 September 2 (iiib 5.2). Local inhabitants reported no indication of seismic activity in the epicentral region during the hours or days preceding this first large shock of June 11.
The earthquake was associated with right lateral reverse displacement along faults bounding the Golbaf depression and dipping both east and west (Fig. 5 , inset) . The eastern fault moved over a length of about 14.5 km at the surface south of Golbaf with an average of approximately 3 cm right lateral and 5 cm vertical motion. The western fault appeared to have moved over a length of about 7.5 km SE of Golbaf with only small displacements and hair-line cracks visible at the surface. Representative slip vectors are shown in Fig. 6 , though they were obtained after July 28, and were probably affected by additional motion in the later Sirch earthquake. The relative timing of the movement on the east-and westdipping Golbaf faults is not known from first hand accounts, though both had moved before the July 28 Sirch earthquake, and it is worth noting that there were no aftershocks of significant magnitude before July 18. It is therefore likely that, if both faults moved seismically rather than by creep, this happened during the Golbaf mainshock of June 11.
The instrumental epicentre of this event given by NElS is 29.913 "N 59.715 "E; located at the northern part of the activated Golbaf fault segment (Fig. 7) . Such an epicentral determination could easily be in error by 15-20km (see, e.g. Jackson et al. 1982) and in this particular case is positioned within 1 km of the village of Zamanabad, which suffered little damage in the earthquake. The significance of this is discussed later.
Epicentral observations of the Sirch earthquake of 1981 July 28
After June 27 no aftershocks of the June 11 earthquake were reported by teleseismic networks until the Sirch earthquake of July 28. However at 01: 00 local time on July 27 30'15 10'00 destroyed on July 28, though sustained few additional casualties as most people were by then living in tents. The faulting during the Sirch earthquake was complex, and associated with 65 km of discontinuous surface ruptures on both east-and west-dipping faults of the Gowk Fault System north of Zamanabad (Figs 5 , (8) (9) (10) (11) (12) . No single fault trace extended more than one-fifth of the length of the activated system and discontinuous fractures spread over a zone up to 7 k m in width. There were probably more fractures than are shown in Fig. 5 . No aerial photographs were taken after the earthquake and wind-blown sand had already partially obscured many small fractures and cracks even at the time of mapping. Displacement on the surface breaks was commonly distributed over a series of en echelon or parallel faults rather than concentrated on a single fracture. The maximum displacements were observed in the north near Chahar Farsakh, where 43cm of right lateral slip and 40cm of uplift caysed by reverse motion were recorded (Fig. 13 ). Fig. 13 shows that the peak values of strike-slip and reverse motion were not usually seen together on the same fault segment; thus, although the overall motion was oblique (right lateral) reverse slip, individual fault surfaces appeared to show predominantly either strike-slip or dip-slip displacement. Slip vector measurements, in which opposite sides of the fracture surface must be matched, 
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were difficult to make reliably because the nose of the upthrown hanging wall blocks generally collapsed, obscuring the fault plane. Those which are considered reliable are shown in Fig. 6 . Fig. 13 (Clark 1972) earthquakes. Nearly all significant vertical displacement occurred at locations where there was clear evidence of vertical displacement in the past; usually in the form of uplifted bevelled strata at the base of mountain slopes. Following the July 28 earthquake, additional vertical motion of 1-2cm was observed on the Golbaf section of the Gowk Fault since it had moved in the June 11 shock. If this happened during the July 28 shock and not as post-seismic creep in the interval between the two mainshocks, then the total fault length in the July 28 Sirch earthquake could be considered as 83km rather than 65 km. Numerow open fissures were observed along the steep mountain flanks bordering the depressions of the Gowk Fault Zone (Fig. 14) . In some areas downhill slip at the surface led to components of extension or opening that apparently exceeded the amount of strikeslip or reverse motion. This was wrongly interpreted by Adeli (1982) as indicating a normal faulting mechanism for the Sirch earthquake. In fact, the apparent opening and normal faulting geometry resulted from large-scale landsliding of both footwall and hanging wall, accentuated both by slope effects and the shallow water table. Such open fissuring is commonly seen in thrust faulting earthquakes and appears to represent superficial surface extension in the hanging wall block above the main thrust, related either to fold formation or a change in dip of the thrust plane near the surface ( e g . King & Vita-Finzi 1981; Yielding et al. 1981) . Where the fault breaks outcropped in flat topography, clear oblique right lateral and reverse motion was seen with no normal faulting.
About 35 reliable slip vectors were measured along the fault zone and representative ones are shown in Fig. 6 . Even though these particular measurements are thought to be reliable, they only show movement across the individual plane on which they were observed. Because of the width of the fault zone and the complexity of the rupture pattern, it is unlikely that they represent the total displacement at that part of the Gowk Fault System. Nonetheless, there appears to be an intriguing relationship between the slip vector azimuths and the sense of movement of the faults on which they were measured. The more northerly slip azimuths (averaging about 166 "E) are seen on fault segments with predominantly strike-slip faulting. More easterly trends (averaging about 44 "E) are seen where reverse (vertical) motion was significant. Such apparent segregation is not easy to interpret, especially since the dataset shown is incomplete and there were other fault segments on which slip vectors could not be measured. It is possible that multiple fracturing near the surface led to a partition of strike-slip and reverse motion on separate faults (a geometry observed by Fitch 1973 on a much larger scale in some oceanic subduction zones), though, if true, this must be a very surficial effect as these faults presumably merge at depth with a larger fault on which there was oblique motion (see Sections 7 and 8). As expected, the slip vectors across fissures showing apparently normal faulting (Fig. 6 ) bear no relation to either those seen in areas of flat topography or those in the fault plane solutions (Sections 6 and 7) and are more closely related to the local slope conditions where such fissures formed.
Epicentral locations and aftershocks
The epicentral locations calculated by NEIS for both mainshocks and their aftershocks are shown in Fig. 7 . These NEIS epicentres suggest that the July 28 Sirch mainshock was about 15 kni NE of the June 11 Golbaf shock. This separation is confirmed by the relative location technique of Jackson & Fitch (1979) , which, in this case, shows the epicentre of the second earthquake to be about 16km at an azimuth of 35"N from the first, with an epicentral error of about 5 km (using 186 stations in the relocation). No local seismograph network was installed to monitor aftershocks, and so the technique used by Yielding er al. (1981) , Jackson el al. (1982) and Soufleris er al. (1982) , in which a locally recorded aftershock allowed a teleseismic relocation pattern to be placed geographically, could not be used here. However, assuming that the real epicentres of these two mainshocks are not located north or south of their respective fault breaks, the epicentre of the second (Sirch) event is constrained to lie near the southern end of its associated surface faulting, and the first (Golbaf) must lie in the northern half of its surface faulting. From these locations there is no cofltrol on the longitudinal position of the mainshock epicentres east or west of the Gowk Fault System. None of the aftershocks and none of the previously recorded shocks in the area were large enough for relative teleseismic relocations t o be worthwhile (see Table 1 ). In spite of this, there are a number of interesting features of this aftershock sequence. Following the Junp 11 mainshock there were several aftershocks in the Golbaf region (Fig. 7) . After June 27 no aftershock was recorded by teleseismic networks for 31 days until the Sirch mainshock of July 28, after which there were many in the mb range 4-5. There is a surprising lack of large aftershocks, with only two as large as mb 5 . O in the year following the first mainshock. It is also curious that most of the well-recorded aftershocks of the July 28 mainshock lie west of the Gowk Fault, though these NEIS locations do not allow this conclusion to be held with confidence. Most remarkable of all is that both mainshocks apparently nucleated near the village of Zamanabad, which sustained very little damage in either earthquake. The significance of these locations is discussed in later sections.
Seismological observations of the Golbaf (1981 June 11) earthquake
Given the complex nature of the surface deformation associated with the June 11 earthquake (in which faults dipping both east and west were activated), and the lack of substantial aftershocks that could help account for such faulting, it is perhaps no surprise that the waveforms from this earthquake are complicated. The first motion fault plane solution, read from long-period WWSSN instruments, is shown in Fig. 15 (heavy !ines) and indicates right lateral strike-slip motion on a fault dipping 40" westwards. This does not account for all the surface faulting, which was also seen on faults dipping to the east (Fig. 5) . Before examining the WWSSN waveforms, which are complex, it is worth using additional information contained in the moment tensor inversion obtained by Dziewonski & Woodhouse (1983) from long-period SRO data. Using the technique of Dziewonski, Chou & Woodhouse (1981) , Dziewonski & Woodhouse (1983) use all body and mantle waves, low pass filtered at 45 s, to obtain a simultaneous inversion for the hypocentral parameters of the best point source and the six independent elements of the seismic moment tensor (with the isotropic component constrained to be zero). They also present what they call a 'best double couple solution', which may be considered as an estimate of the average source orientation (restricted to a double couple) and static moment (M,) seen at long periods (>45s). In the case of the June 11 Golbaf earthquake, the orientation of the Dziewonski & Woodhouse best double couple source (dashed lines in Fig. 15 ) agrees very well with the first motion solution. Their estimate of the static moment (M,) is 0.98 x The long-period WWSSN waveforms from this earthquake are shown in Fig. 16 . Although the variation of waveforms with azimuth is dramatic, the strong similarity in the waveforms seen at stations with comparable azimuths makes it likely that these complex seismograms result from source rather than receiver effects. In fact, as will be seen, much of the complexity in these seismograms appears to arise from a combination of the unusual mechanism and depth of this event. In Fig. 17 representative seismograms are chosen from Fig. 16 for the four quadrants of the focal sphere in Fig. 15 . Much of the complexity and azimuthal variation in the observed seismograms is reproduced in synthetics using the first motion fault plane solution (source 1 in Fig. 15) , a symmetrical triangular time function of 4 s total duration and a focal depth of 18 km; shown as the third trace of each group in Fig. 17 . These synthetics were calculated using the program of Langston & Helmberger (1975) and the approach described by Kanamori & Stewart (1978) . Only P, pP and SP rays were used and the calculated waveforms account quite well for the first two cycles at KJF, the nodal onset and first downswing at MAT, the kink in the first dyne cm. below the source. Also shown is the focal mechanism of Dziewonski & Woodhouse (1983), obtained from a momcnt tensor inversion of long-period SRO data (dashed lines, marked € I ) , and the mechanism used for thc second pulse (subevent) when calculating the synthetic waveforms in Fig. 17 (thin lines, marked 2 ).
downswing at NAI and the relatively simple inverted 'W' shape at SNG. The depth of 18 km is well constrained ( ? 2 km) but does, of course, depend on the velocity above the source, taken as 6.1 km s-l for Vp in this case. Clearly the fits could be better. The observed overswing on the second upward pulse at NAI and SNG is not matched by this single source and, more particularly, the third downward pulse or kink at MAT and the large upward overswing at MAT and ANP (Fig. 16) is not reproduced at all. Moreover, only half the longperiod moment observed by Dziewonski & Woodhouse (1983) is accounted for by this single source. In pursuing this matter it is first necessary to be convinced that the downward kink observed before the large upswing at MAT and ANP is a source and not a receiver effect. Firstly, the similarity between the waveforms (except for the first motion, as they are close to but on opposite sides of the same nodal plane in Fig. 1 5 ) is an indication that this is not a receiver effect. Secondly, in Fig. 18 the observed coherence of the long-period horizontal component seismograms with each other as well as with the vertical component (the upward overswing and kink are seen on all components at both stations) is a strong indication that this early part of the record consists of P (longitudinal) motion and neither P to S conversions at the Moho beneath the receivers nor effects caused by dipping velocity structure beneath the receivers; both of which can be significant (see, e.g. Burdick & Langston 1977; Peseckis & Burdick 1982) . The amplitudes of S to P conversions at the Moho beneath the source for the MAT and ANP raypaths were also calculated and found to be small compared to those of P, p P and sP. Moreover, for the third downward pulse at MAT, 10 s after the first motion onset, to be the S to Pconversion at the Moho, the Moho would have to be about 80 km below the source, at a depth of about 100 km, which we know from the work of Asudeh (1982a, b) is not the case. Thus converted phases at velocity structures beneath the source and receiver appear to be unable to account for these complications. It is therefore likely that a more complex source is needed, involving two distinct ruptures, if these seismograms are to be understood. Such a conclusion is further justified by the need to explain the observed faulting dipping eastwards and the additional seismic moment observed by Dziewonski & Woodhouse (1983) . At this point the calculation of synthetic seismograms for the two sources becomes relatively unconstrained: the mechanism, depth and time function as well as the relative time delay, position and size of the second rupture are all unknown and all affect the seismogram. An exhaustive attempt to fit the observed waveforms with a second rupture having the same mechanism as the first proved fruitless; whatever depth, size, time function or time separation was used for the second event. In Fig. 17 the top traces in each group show synthetic seismograms from a double source in which the first subevent is the same as that in the third trace and the second subevent has the mechanism marked 2 (thin solid lines) in Fig. 15 . The second subevent has a depth of 10 km, is of equal size (M,,) and time function to the first, and has an origin time delayed by 5 s. We do not Fig. 15 . That marked 2 is calculated from mechanism 2 in Pig. 15. Waveforms with mechanisms 1 and 2 combined are shown in the top seismogram of each group. The number on the right is the estimated moment (X 10"dync cm) at each station. The apparent delay in arrival time ( t ) of the second subevent relative to the first a t each station is also shown. These synthetic waveforms were calculated using symmetrical triangular time functions of 4 s total duration for each subevent, with a depth of 18 kin for the first and lOkm for the second. Equal moments for the two subevents were used to obtain the top waveform in each group. An attenuation ( t * ) of 1.0s and a P velocity of 6.1 km s-' above the hypocentre were used throughout this paper.
claim that this is a unique solution. It does reproduce the observed waveforms tolerably well, represents a distinct improvement at MAT, NAI and SNG, and indicates a total moment in good agreement with that found by Dziewonski & Woodhouse (1983) . The moment value at MAT should not be taken seriously as it is close to a nodal plane in both mechanisms 1 and 2 in Fig. 15 so that its amplitude (and hence Mo estimate) is very dependent on small changes in source orientation. At KJF the fit is, if anything, slightly less good. In defence of this solution we can only say:
(1 ) It agrees well with the geological field observations. In the second rupture, the northsouth nodal plane in mechanism 2 is presumably the fault plane. This can account for the oblique right-lateral and thrust offsets seen on the eastward-dipping fault near Golbaf. The azimuth of the slip vector is the same as for the first motion solution.
( 2 ) To find a mechanism for the second shock substantially different from that marked 2 in Fig. 15 , which would introduce the downward kink (at 10s) and upswing at MAT without destroying the already reasonable fit provided by the single source (1) at other stations, proved very difficult (indeed, we were unsuccessful in doing so). The same comment is also true regarding the focal depth of the second event. In particular, a rather sharp, narrow pulse (i.e. short time function and shallow depth) for the second event appeared essential. In order for the reader to visualize how the waveforms from mechanisms 1 and 2 combine to form the top traces of each group in Fig. 17 , the waveforms for mechanism 2 alone are also shown in Fig. 17 (lowest trace of each group).
It is worth noting here that tlie best fits were obtained if the relative delay times of the two subevents (as seen at the stations) were 5.0s for NAI and MAT, 4.0s for SNG, and 6.0s for KJF. This is what would be expected if the two sources were in fact 5.0s apart in origin time and separated in space with the second 15 km SE of the first. Once again, given the uncertainties in all the focal parameters of the second rupture, this conclusion cannot be rigorously supported.
Using the relationMo =piiA where the rigidity, p = 3 x 10" dyne cm-', and A is the fault area, it is possible to predict the mean fault displacement, U. If we assume that the seismically radiating part of the fault plane is that above the hypocentre, and that the fault planes were 15 km in length, in the first rupture A l = 15 x 18 x (sin 40")-' = 420 km', and in the second A 2 = 15 x 10 x (sin70")-' = 159 km'. These are probably underestimates because the radiating part of the fault may well extend beneath the focal depth. Since the two subevents have approximately equal moments of 0.5 x dyne cm each, then in the first rupture the predicted iil = 39cm and in the second ti2 = 104cm. Because the values taken for A l and A 2 are probably too small, these estimates of U l and ii2 are likely to be too high. They are indeed higher than is seen in the field, though this is not really surprising and is often the case in earthquakes involving thrusting; where deformation is spread over wide zones at the surface, much of it occurring within the hanging wall in the form of small fractures and sometimes bedding plane slip, so that the observed surface displacement on the obvious major fractures is often less than that at depth (e.g. Berberian 1979a; Yielding et al. 1981) . However, it is important to note that, because the second rupture plane, which dips east, is smaller in area (shallower focus and steeper dip) than the first, the displacement on it is expected to be larger than in the first rupture, which dips west. This is observed to be the case: the surface breaks dipping west appear as hair-line fractures whereas those dipping east have displacements of several centimetres. Using the approximate relation obtained by Kanamori & Anderson (1975): where tv is the width of the fault, the stress drop, Aa, can be calculated. This relation gives stress drops of approximately 3 and 18 bar for the first and second ruptures in the Golbaf mainshock (Table 3) . It is clear that the observed waveforms in Figs 16 and 17 require a complex source for the Golbaf earthquake. The main criticism of the two rupture source suggested here is that, because the two subevents are of approximately equal moment and have different mechanisms, it would not be expected to yield an average long-period double couple solution (from Dziewonski & Woodhouse 1983) so closely corresponding to the mechanism of the first subevent (Fig. 15) . However, as Dziewonski & Woodhouse point out, their 'best double couple solution' for this particular earthquake is not of their highest quality because the inversion showed a substantial deviation from a pure double couple mechanism. Perhaps this deviation can now be attributed to the multiple nature of the earthquake, with subevents on faults of different orientations.
Seismological observations of the Sirch (1981 July 28) earthquake
An interesting observation noted by the field team visiting the epicentral region of this earthquake was that local inhabitants reported a slow build-up of shaking during the onset of the mainshock, accompanied by a roaring noise. This acted as a warning and allowed many people the time to run outdoors before the strongest shaking began. By timing peoples' reactions in a reconstruction of their behaviour during the earthquake, the field team estimated a time lapse between the onset of the earliest ground motions and the stronger shaking of less than 6 s. Independent corroboration of this is seen in the observed long-period waveforms from this earthquake, shown in Fig. 19 . The onset (first motion) at all stations is of much smaller amplitude than the third and fourth cycles of the waveforms. 
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The first motion fault plane solution is shown in Fig. 20 (planes marked 1) . This differs substantially from the best double couple solution of Dziewonski & Woodhouse (1983) , marked H in Fig. 20 , which is incompatible with the first motions. The first motion fault plane solution is thus not representative of the main energy release in this earthquake; which is perhaps no surprise as it is also not representative of the observed surface faulting. Examination of the waveforms in Fig. 19 shows that they are complex but have the same general features at all stations, indicating that the complexities are source rather than receiver effects. Starting from the onset of the seismogram, a small double upward pulse is seen at all stations, though it merges into a single broader pulse at African stations (AAE, NAI, GRM) to the south. The second upward pulse is incompatible with either pP or SP as both should be dilatational at all these stations. It is presumably caused by a second subevent or rupture initiating about 4 s after the first. This may well account for the slow build-up of shaking observed in the epicjentral region. The second upward pulse is also seen at all stations, indicating that its small amplitude is not caused by the stations being near a nodal plane in the fault plane solution of this second subevent. It is followed by a downward pulse typical of those observed for shallow thrust faulting earthquakes (for which it consists of pP and s P see Jackson & Fitch 1981) , but the overswing of the third upward pulse can only be achieved by a third subevent initiating some 10-12s after the first motion onset. Similarly the overswing of the fourth upward pulse can only be achieved by a fourth subevent initiating about 2.5 3 after the first motion onset. Before stretching the credulity of the reader any further with these apparently far-fetched claims, let us pause and consider the following:
(1) The similarity of the large amplitude parts of the waveforms at GZZ stations in Fig. 19 strongly suggests that all these stations are in the same part of the radiation pattern of the various subevents that may contribute to these seismograms. It is therefore unlikely that the subevent mechanisms involve steeply dipping nodal planes in which different stations have different onset polarities and substantially varying relative amplitudes of P, pP and sP.
Yet only at stations near steep nodal planes can large overswings (due to large amplitudes of pP and SP relative to P) be expected (see, for example, KJF and MAT but not NAI and SNG in Figs 1.5 and 17, mechanism 1). Not all the stations in Fig. 20 can be near a nodal plane without causing substantial variations in the waveforms at different azimuths. This is the basis of the above argument requiring at least four subevents to account for the overswings.
(2) The first motion solution accounts for neither the observed surface faulting nor the average moment tensor orientation seen at long periods by Dziewonski & Woodhouse (1983) . It is clear from the seismograms that most of the moment release must occur in the third and fourth subevents, presumably with a mechanism more closely related to that of Dziewonski & Woodhouse than that of the first motions. The mechanism of Dziewonski & Woodhouse, which is similar to that of the June 11 Golbaf earthquake, accounts for at least some of the surface faulting if the nodal plane dipping west is taken as the fault plane.
(3) The third and fourth cycles are not only larger amplitude but also longer period than the first two. This suggests longer source time functions, which is also compatible with greater moment release. b n g e r time functions would anyway be expected as we have somehow to account for at least 65 km of surface faulting.
(4) The actual mechanism of Dziewonski & Woodhouse, marked H in Fig. 20 , cannot be used as the fault plane solution for subevents 2, 3 and 4 because it would produce substantially different waveforms at stations either side of the steep north-easterly dipping nodal plane.
(5) S to P conversions at the Moho are very small for both of the fault plane solutions (1 and 2 in Fig. 20 ) used for individual subevents. Waveforms are therefore calculated using only P, p P and sP for each subevent.
Synthetic seismograms were computed using four subevents; the first two having the first motion fault plane solution (1 in Fig. 20 ) and the second two having a mechanism ( 2 ) similar to the Dziewonski & Woodhouse (1983) mechanism but with all the stations in the compressional quadrant. The relative moments of the subevents were 5, 10, 100 and 150 respectively. All four were given the same focal depth of 12km. The time function in each case was trapezoidal with both rise and fall times of 2 s for all subevents and with plateau times of 0, 0, 8 and 8 s respectively (Table 2 ) . Thus the total durations of the four time functions were 4, 4, 12, and 12 s. The synthetics calculated using these parameters, with delay times relative to the first motion onset of 4, 12 and 26s for subevents 2, 3 and 4, are shown for stations at representative azimuths in Fig. 21 . The general features of the observed daveforms are reproduced rather well. Note however, that the synthetics show a fifth upswing at all stations which is not observed on the original seismograms. On the observed waveforms at MAT and GRM this coincides in time with the arrival of PcP from the third and fourth subevents. At KON and SNG such an explanation is not appropriate; nonetheless, it was thought that modelling beyond the fourth major upswing was not justified. The total moment of 5-10 x dyne cm estimated from a comparison of the observed with synthetic waveforms (Fig. 21) is in very good agreement with that of 6.7 x dyne cm estimated by Dziewonski & Woodhouse (1983) from their long-period inversion.
Obviously, we cannot claim that the parameters used to produce the synthetics in Fig. 21 are unique, as the number of variables available is very large. In particular, we have used the same apparent delay times for the subevents at all stations, whereas in fact the subevents could nucleate anywhere along the 65 km fault (since we know from Section 3 that the first subevent nucleated at the southern end), which could lead to time shifts at different stations of up to + 4 s. In reality, a relative time shift of 8 s in the delay times at stations in opposite azimuths, such as MAT and NAI or KON and SNG in Fig. 21 , alters the synthetic waveforms greatly, and the fact that such differences are not observed perhaps strengthens the assumption that the subevents nucleated close to one another.
In spite of the non-uniqueness of the parameters used to calculate the synthetic waveforms in Fig. 7 1, completely independent evidence supporting the existence of several distinct subevents is found in the strong motion accelerograms recorded for the Sirch earthquake at Golbaf, about 15 km SE of the NEIS epicentre. The peak horizontal and vertical accelerations for these records were about 0.30 and 0.35 g respectively (Moinfar & Idgaahi 1982) . These records were integrated to obtain velocity o n three components and then the integral of the square of the velocity was plotted against time to obtain the cumulative energy flow, which is plotted in Fig. 22 . Sinoe the displacement in the far field is related to the derivative of the displacement (velocity) in the near field, some relation might be expected between Fig. 22 and the observed teleseismic waveforms. Significant steps are seen in the cumulative energy release shown in Fig. 22 , which also shows the time history used to produce the synthetic waveforms in Fig. 21 . After the triggering of the strong motion instrument, a step increase in energy flow begins at 3-4s (after trigger time), increases again at 8-10s and is followed by another step at about 23-26s. Note also a further increase at about 40s, beyond the region modelled in Fig. 12 . Since we do not know when the strong motion instrument was triggered (there was no absolute time on the record), we do not know whether the apparent early arrival of the energy pulses at the Golbaf instrument is caused by a delayed triggering (by the S-rather than the P-wave of the first subevent) or a shift due to the relative position of the subevents along the Sirch Fault. A relative shift in position is likely, as the duration of the time functions for the third and fourth subevents (12s in each case) deduced from the waveforms suggests that the fault length for each one is no more than about 30-35 km (assuming a typical rupture velocity of about 3 km s-l). Thus in order to rupture the whole length of the Sirch Fault (about 65 k m ) it is probable that at least one of these two subevents (probably the fourth) nucleated about half-way along the fault, though such a shift in position northwards would give a delayed and not an advanced shift in time at Golbaf to the south. However, any such correlation of cumulative energy flow with the time history of faulting deduced from long-period observations is largely speculative. Fig. 22 certainly illustrates that several discrete energy pulses were involved in the Sirch earthquake, and that energy release took place over at least 40s. But more detailed interpretation of this single strong motion record is probably unjustified, particularly since: (1) the destruction of Golbaf but not Zamanabad in this earthquake, ( 2 ) the surface reactivation of the Golbaf fault after the June 11 mainshock (see Section 4), and (3) the occurrence of aftershocks near Golbaf (Fig. 7 ) all suggest some motion of the southern (Golbaf) fault segment, near which this strong motion instrument was sited, during the July 28 mainshock. It is thus possible that some of the signal on the Golbaf strong motion record is related to movement on the southern (Golbaf) fault segment rather than the northern (Sirch) segment.
Although the mechanisms of the four subevents used to produce the synthetics in Fig. 21 cannot be considered well-constrained, the main energy release on mechanism 2 in Fig. 20 as well as the Dziewonski & Woodhouse mechanism ( H in Fig. 20 ). while compatible with oblique right lateral reverse motion on the fault dipping west, are not compatible with the observed faulting dipping east (Figs 5 and 6 ). The lack of major aftershocks suggests that the motion on the eastward-dipping fault occurred either during the mainshock or as post-seismic creep. It is possible that it occurred later in the mainshock rupture process than we attempted to model. There is some indication of this from the final energy step at 40s in Fig. 22 , which may account for the discrepancy between the synthetic and observed waveforms in Fig. 31 this far into the record (the final upward pulse on the synthetics is not seen on the observed waveforms). However, we did not wish to pursue the modelling of this part of the seismogram with yet another subevent, at times when Pep arrivals are also known to be present.
Since most of the seismic moment was released in the third and fourth subevents, we can calculate the predicted slip from the observed moment assuming that the westwarddipping nodal plane in mechanism 2 of Fig. 3-0 was the fault plane. Taking the fault area A as 13 x (cosec45") x 65 = 1002 km2, and the moment as 6.68 x dyne cm (from Dziewonski & Woodhouse 1983), the average displacement ii would be about 2.3m on the westward-dipping fault alone. In fact only about 40-50cm of motion is seen (Fig. 13) The damping of the instrument was 60 per cent critical with a natural frequency of 26 Liz. Also shown (below), for comparison, is the time history of cumulative moment release used to produce the synthetic waveforms in Fig. 21 , assuming (for illustrative purposes only) a constant moment release rate for each subevent.
which suggests that: (1) the fault could have been larger; and we know that some movement occurred on the Golbaf fault to the south; (2) the radiating part of the fault plane could have extended deeper than 12 km; (3) the moment value of 6.68 x dyne cm from the long-period moment tensor inversion includes the contribution of later faulting and subevents; which, judging from the additional step i t 40s in Fig. 2 2 , it does; (4) not all the faulting reached the surface; (5) much of the faulting was distributed over wide zones near the surface and was therefore probably underestimated in Fig. 13 ; which we know is likely to be the case. All these are probably true to some extent. Using the relation (1) in Section 7, a stress drop of about 25 bar is estimated on the westward-dipping fault in the July 28 mainshock (see also Table 2 ).
Discussion
Having discussed the seismic and field observations of the Golbaf and Sirch earthquakes, we can now summarize what we know of the rupture processes that occurred in these events.
Although the NEIS epicentre for the Golbaf (June 11) mainshock was near the village of Zamanabad (Fig. 7) , it is likely that, because the fault dips about 40" to the west (at least at depth; see Fig. 15 ), the true epicentre lies at least 15 km west of the NEIS location. The arguments in Section 5, in which it is shown that the epicentres of the first subevents in the Golbaf and Sirch earthquakes were only about 15 km apart, suggests that both earthquakes nucleated near the latitude of Zamanabad, i.e. at the northern end of the Golbaf Fault and the southern end of the Sirch Fault. However, we know that the onset of the Sirch earthquake was a small subevent with a mechanism different from that seen at the surface on the Sirch Fault. This small subevent was evidently a foreshock which may have, triggered the larger subevents that account for most of the observed seismic moment. Although the epicentre of the small onset may not be directly related to the Sirch Fault, it was argued in Section 7 that the first three subevents in the Sirch earthquake nucleated close to one another because no relative time shifts are observed at stations of different azimuths. Thus, although the overall argument is tortuous, it is probable that the first three subevents of the Sirch earthquake as well as the onset of the Golbaf earthquake nucleated near the latitude of Zamanabad.
The June 11 mainshock, having nucleated near the northern end of the Golbaf Fault, presumably propagated south for 12-15 km, which, at a typical rupture velocity of 3 kms-' probably accounts for the observed time function duration of 4 s (Fig. 17) . At about 5 s after the onset of this first subevent there is evidence from the waveforms of a second subevent, and weaker evidence (in the apparent time shift at NW and SE azimuths) that this nucleated SE of the first. It is therefore likely that the second subevent nucleated at the southern end of the Golbaf Fault when rupture in the first subevent stopped. The first subevent occurred on the fault dipping west and the waveforms, field evidence and lack of major aftershocks suggest that the second subevent ruptured the fault dipping east. Motion on both these faults causes subsidence of their footwalls. This sequence of events thus suggests a mechanism for the formation of the longitudinal depressions seen along the Gowk Fault Zone (Fig. 23) , in which oblique reverse motion on the fault dipping west loads its footwall, triggering movement on the opposing fault dipping east and causing subsidence of the depression in between. Such a mechanism accounts for the presence of the two depressions south of Golbaf and at Joshan, where in each case two opposing reverse faults are clearly indicated in the topography. The depression at Fandogha is smaller than the others and may be related to en echelon strike-slip faults. The lack of a depression at Chahar Farasakh, where the northern end of the Sirch Fault dramatically changes strike, reinforces the notion that the depressions are predominantly compressional rather than strike-slip in wigin. Such basins are not rare, forming in front of many active reverse faults in Iran (see Berberian 1981) . The same compressional origin may also account for the Turfan depression and other lozenge shaped basins in the Tien Shan (Tapponnier & Molnar 1979) .
The main moment release in the Sirch (July 28) earthquake evidently occurred in two large pulses triggered by two earlier subevents. The NEIS epicentre for the June 11 mainshock is apparently about 15 km too far east. If this shift is systematic and true of other well-recorded events in the region, then all the major aftershocks are west of the Gowk Fault System; presumably in the hanging wall of the fault dipping west. We do not attach much significance to the precise location of the first subevent in the Sirch earthquake since this was small and anyway had a strike incompatible with that of the Cowk Fault.
One of the most remarkable features of the whole earthquake sequence is the gap in damage distribution and fault movement at Zamanabad. The village of Zamanabad sustained very little damage in both the Golbaf and Sirch mainshocks, whereas neighbouring villages to the north and south, where houses were built of the same weak adobe construction as Zamanabad, were totally destroyed. This may be partially due to the siting of neighbouring villages in alluvial valleys. On the other hand, the Zamanabad region is a distinct gap between the observed surface faulting in the June 11 and July 28 earthquakes. Coseismic displacement on both the Sirch and Colbaf Faults dies out towards Zamanabad (Fig. 13) , and the gap is a recognizable geomorphological feature where the topography of the Gowk Fault System is less well developed. In particular, a longitudinal depression of the type shown in Fig. 23 is not seen and the area is slightly higher than that to the north or the south. Since the June 11 and July 28 earthquakes appear to have nucleated immediately north and south of the Zamanabad gap, at which recognizable displacement is apparently small, it is tempting to regard this area as a 'barrier' in the sense of Das & Aki (1977) ; i.e. a zone on the fault system which is influential in the initiation and propagation of the rupture process. Motion near Zamanabad may be distributed, rather than concentrated on a single fault, and this distributed slip may lead to stress concentrations nearby. Irregularities in the fault plane geometry are very likely to cause such effects and have been inferred to exist in many places, including the Big Bend region of the San Andreas Fault in California (see, e.g. Scholz 1977) . Where such irregularities are distinct geomorphological features at the surface and a case can be made for them being the sites of rupture initiation, as at Parkfield (Lindh & Boore 1981), El Asnam (Yielding et al. 1981 ) and now Zamanabad, this is of importance to earthquake prediction efforts, as such sites are recognizable in the field and sensible locations for monitoring precursory phenomena. Displacement along the Sirch Fault is very irregular (Fig. 13 ) and some sites of small displacement are noticeable as places where the fault geometry becomes complex. In Section 7 a case was made for about half the length of the Sirch Fault rupturing in each of the third and fourth subevents, thus somewhere between Chahar Farsakh and Zamanabad should be the initiation site of the fourth subevent. An obvious candidate must be the region of Sirch itself, at the northern end of the Joshan depression, where the fault geometry increases dramatically in complexity and the coseismic displacement drops abruptly to zero (Fig. 13) . This suggestion is no more than plausible and cannot be concretely demonstrated by the data available to us.
There is no evidence for coseismic displacement on the eastward dipping fault of the Sirch Fault System in the part of the seismogram modelled in Fig. 21 (the first 35s) . However, the lack of major aftershocks suggests that motion on the eastern fault occurred either at the time of the mainshock or as post-seismic creep. The amplitude of the displacement on this branch is considerable (Fig. 13) and it 1s likely that the movement was indeed seismic, possibly occurring in the observed pulse of energy release at 40s after the onset of the mainshock (Fig. 22) . The apparent lack of aftershocks east of the Sirch Fault is surprising, but cannot be consideredddefinite from the NEIS locations alone. It is also interesting to note that the maximum displacement is at the northern end of the Sirch Fault, in the direction of inferred rupture propagation. This effect is also seen clearly in the El Asnam earthquake of 1980 (Yielding et al. 198 1 ) .
Finally, it is worth noting that in spite of the variety of mechanisms inferred to have occurred in both earthquake sequences, the horizontal projection of the slip vectors concerned is rernarkabIy constant and orientated between north and NE (Figs 15 and 20) .
Moreover, the orientation of the fault plane solutions responsible for most of the moment release are similar in both mainshocks. Jackson & McKenzie (I 984) used these slip vectors, in conjunction with many others in NE and eastern Iran, to calculate a pole of rotation between the central Iran region (where seismicity is relatively feeble) and Eurasia. All focal depths in this Colbaf-Sirch sequence are shallow, as they are in most of Iran (Jackson & McKenzie 1984) . This is a normal state of affairs in continental deformation and probably reflects the temperature gradient in the contjnental crust (Chen & Molnar 1983) . However. the nucleation depth of 18km for the Colbaf mainshock is slightly deeper than normal, perhaps implying a slightly lower thermal gradient in this part of Iran.
Conclusions
Both the surface and teleseismic obsexvations of the 1981 Colbaf (June 11) and Sirch (July 28) earthquakes are complex and confusing, and there is little chance of making a sensible interpretation of either in isolation. This study demonstrates that the two types of data help greatly in the interpretation of each other, and together can be used to infer a rupture history for the earthquake sequence that is geologically and seismdogicaIly sensible. The teleseismic waveforms show clearly that both mainshocks were multiple events consisting of several subevents of varying size. The long-period moment tensor inversion of Dziewonski & Woodhouse (1983) . which filters out the higher frequencies needed to identify multiple events on the long-period WWSSN instruments, gives a very valuable indication of the orientation and size of the average moment release in each earthquake. The discrepancy between Dziewonski & Woodhouse's best double couple solution and the first motion solution is a helpful indication that the first motion solution is not, in this case, representative of the main moment release. In retrospect, we were fortunate in the lack of major aftershocks, which suggests that most of the observed surface dispiacement occurred either at the time of the mainshocks or as post-seismic creep.
Both. earthquake sequences involved oblique reverse and right lateral strike-slip on opposing reverse faults, leading to the development of elongated compressional basins in between the faults. Although the two mainshocks occurred on the same large-scale feature (the Gowk Fault System), the surface displacement in each one was very irregular in detail and the two mainshock rupture zones did not overlap. The region between the two, near the village of Zamanabad, is a distinct topographic and geomorphological feature, where both coseismic and geological displacements on the Gowk Fault System are apparently small. It is in this region that rupture in both mainshocks is inferred to have nucleated. The geomorphologically recognizable character of this Zamanabad gap suggests the possibility that movement similar to that in the 1981 sequence has occurred often in the past, i.e. that rupture nucleates regularly in the same place. If this is true, recognition and monitoring of such sites for precursory phenomena should be an obvious goal of any earthquake prediction effort. Elsewhere along the Gowk Fault, such as at Sirch itself, similar complexities in fault geometry may indicate other important sites of rupture nucleation, though this cannot conclusively be demonstrated with the data here.
